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(57) ABSTRACT 

A method is provided for producing a doped dilute ferro 
magnetic semiconductor material, by doping Zinc Oxide in 
bulk form With manganese to a maximum level of 5 atomic 
percent concentration. The material is preferably sintered at 
a maximum temperature of 6500 C. The result of this process 

App1_ NO; 10/544,655 is a semiconductor material comprising Mn-doped ZnO With 
a Mn concentration not exceeding 5 atomic percent, Wherein 

PCT Filed; Feb, 6, 2004 the Mn-doped ZnO is ferromagnetic Within at least a part of 
the temperature range from about 218 Kelvin to about 425 

PCT No.: PCT/SE04/00150 Kelvin. 
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FERROMAGNETIC MATERIAL 

FIELD OF INVENTION 

[0001] The present invention relates to materials used for 
electronic components Which use ferromagnetism in its 
function. 

BACKGROUND 

[0002] Components based on materials With ferromag 
netic properties are devised to affect or rectify the spin 
orientation of bosons and fermions, e.g. electrons. The 
search for materials With ferromagnetism above room tem 
peratures in dilute magnetic semiconductors has been a 
quest in recent years, especially to develop a potentially rich 
neW class of future devices Which exploit the electron spin 
state i.e. spintronics. The types of components for these 
devices include magnetic memories, e.g. hard discs, semi 
conductor magnetic memories, e.g. MRAM, spin valve 
transistors, spin light emitting diodes, non-volatile memory, 
logic devices, quantum computers, optical isolators, sensors, 
ultra-fast optical sWitches etc. Dilute magnetic semiconduc 
tors can also be used in electronic-, and magnetic-based 
products. 

DESCRIPTION OF RELATED ART 

[0003] Electronic component technologies are increas 
ingly interested in using ferromagnetic materials for neW 
component designs and functions. Traditional ferromagnetic 
materials are e.g. iron, nickel, cobalt and their alloys. Novel 
scienti?c activities and neW suggestions for implementing 
them, are frequently being reported in technical and scien 
ti?c journals. Some examples of materials expectations With 
basic component designs can be found in recent revieW 
articles in Physics World, (April 1999) and IEEE Spectrum, 
(December 2001). All these documentations describe the 
problem and needs in designing ferromagnetic materials that 
can operate at the industrial, automotive and military tem 
perature range, normally —55° C. to 1250 C. Other pieces of 
prior art Within this technical ?eld are listed in a list of 
references beloW. 

[0004] Most of the materials of interest knoWn today 
require cryogenic temperatures. HoWever Klaus H. Ploog 
described in Physical RevieW Letters, July 2001, the use of 
a ?lm of iron groWn on Gallium Arsenide (GaAs) to polariZe 
the spin of electrons injected into semiconducting GaAs. 
This experiment Was carried out at room temperature. 

[0005] Spintronic devices such as spin valve transistors, 
spin light emitting diodes, non-volatile memory, logic 
devices, optical isolators and ultra-fast optical sWitches are 
some of the areas of high interest for introducing the 
ferromagnetic properties at room temperature in a semicon 
ductor described in the tWo documents of reference 6 and 7. 

[0006] In recent years there have been intense search for 
materials exhibiting ferromagnetic ordering in doped dilute 
magnetic semiconductors (DMS), described in the ?ve 
documents of reference 1-5, focusing on possible spin 
transport properties Which has many potentially interesting 
device applications. Among the materials reported so far, 
Mn-doped GaAs has been found to be ferromagnetic With 
the highest reported Curie temperature, Tc~110 K, see 
reference 1. Following this, Dietl et al. predicted on a 
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theoretical basis that ZnO and GaN Would exhibit ferromag 
netism above room temperature on doping With Mn, see 
reference 2. This prediction initiated intensive experimental 
Work on a variety of doped dilute magnetic semiconductors. 
Recently, Tc above room temperature has been reported in 
Co-doped TiO2, ZnO, and GaN respectively, see references 
3,8,9. HoWever, in the Til_XCoXO sample inhomogeneous 
clustering of Co Was found, see reference 10. Kim et al, see 
reference 11, shoWed that While homogeneous ?lms of 
Zn1_XCoXO exhibited a spin-glass behaviour, room tempera 
ture ferromagnetism Was found in inhomogeneous ?lms 
attributing the observation to the presence of Co clusters. 
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SUMMARY OF INVENTION 

[0022] Accordingly, there are still advances to be made 
Within the ?eld of ferromagnetic materials. It is therefore a 
general object of the present invention to provide a material 
With ferromagnetic properties, and means for producing 
such a material, Which overcomes certain disadvantages 
related to the prior art. In particular, it is clear that for many 
device applications homogeneous material ?lms are needed, 
and an aspect of the general object is therefore to provide 
‘means’ for producing such homogeneous material ?lms. 

[0023] The present invention is based on the concept to 
create ferromagnetism into doped dilute magnetic semicon 
ductors by doping Zinc Oxide (ZnO) With Manganese (Mn). 
Tailoring of ferromagnetism above room temperature in 
bulk Mn (<4 atomic %) doped ZnO has been achieved. In 
this state Mn is found to carry a moment 0.16 MB. Ferro 
magnetic Resonance (FMR) data on these samples have 
con?rmed the surprising results of the existence of ferro 
magnetic order at temperatures even as high as 425 K. In the 
paramagnetic state the Paramagnetic Resonance data shoW 
that Mn is in the 2+ state (Mn2+) With a g value 2.0029. Ab 
initio calculations con?rm the above ?ndings. On sintering 
the bulk at temperatures above 700° C., the ferromagnetism 
around room temperatures is completely suppressed giving 
rise to the often reported pronounced ‘ferromagnetic-like’ 
ordered state beloW 40 K. The material also shoWs room 
temperature ferromagnetic ordering in 2-3 pm thick trans 
parent ?lms deposited on fused quartz substrates at tem 
peratures below 6000 C. by Pulsed Laser deposition using 
the same bulk materials as targets. The ferromagnetic dilute 
Mn doped ZnO can also be obtained as transparent nano 
particles. 

[0024] The demonstrated neW capability renders possible 
the realization of complex elements for spintronic devices 
and other components. Manganese doped Zinc oxide, With 
ferromagnetic properties in the speci?ed temperature range 
can also be manufactured With a sputtering system Where 
either tWo metallic (Zinc and Manganese) targets are used 
simultaneously or one sintered ZnOzMn ceramic target. 

[0025] The present invention is de?ned by the appended 
claims. 

BRIEF DESCRIPTION OF DRAWINGS 

[0026] Preferred embodiments of the present invention 
Will be described beloW With reference to the accompanying 
draWings, on Which: 

[0027] FIG. 1 shoWs a room temperature hysteresis loops 
shoWing ferromagnetic ordering in nominal 2% Mn doped 
ZnO pellets sintered at various temperatures according to an 
embodiment of the invention; 

[0028] FIG. 2 shoW a M(H) hysteretic loop data at 300 K 
for Zn0.978Mn0.0220 PLD deposited thin ?lm on fused 
quartz, after subtracting the diamagnetic contribution 
(shoWn as an insert) arising from the fused quartz substrate 
in the ‘as obtained’ data from SQUID measurements; 

[0029] FIG. 3 shoWs a) the Ferromagnetic resonance 
spectra for nominal 2 at % Mn doped ZnO pellet sintered at 
5000 C., and (b) the paramagnetic resonance spectra for the 
same sample sintered at 900° C.; and 
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[0030] FIG. 4 shoWs the calculated density of states 
(DOS) for Zn0.958Mn0.0420, Fermi level is set at zero, 
Where inset shoWs the DOS near to the Fermi level, and the 
states just beloW the Fermi level arising from the Mn 3d 
states. BeloW to Mn-3d states, the states betWeen 4 to 6 eV 
are from 0-2p states and states betWeen 6 to 8 eV are arising 
from Zn-3d states. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0031] The present invention is based on the concept to 
create ferromagnetism in doped dilute magnetic semicon 
ductors by doping Zinc Oxide (ZnO) With Manganese (Mn) 
in bulk or ?lm materials. Our experiments shoWs successful 
tailoring of ferromagnetism above room temperature in bulk 
Mn doped ZnO. The Mn doping level should then be less 
than 4-5 at % (atomic percent) for bulk materials. Theoreti 
cally We ?nd that the upper limit for ferromagnetism is about 
5 at % Mn. Experimentally We have found that due to 
materials problems, above 4 at % n there is a clear tendency 
for the Mn atoms to form clusters Which are then antifer 
romagnetic and that suppresses the ferromagnetic order. 
SEM observations shoW, on samples above 2 at %, local 
clustering and the samples becomes inhomogeneous, Which 
affects the material so that the around room temperatures 
ferromagnetic e?fect disappears at 4-5 at %. In ZnO, the 
thermal solubility of 3d-transition metals such as Mn is 
larger than 10 mol % and the electron ‘effective mass’ is as 
large as ~0.3 me, Where n1e is free electron mass, see 
reference 12. Therefore the amount of injected spins and 
carriers in the ?lm can be large, thus making Mn doped ZnO 
ideal for the fabrication of spintronic devices. Moreover 
ZnO is a Well-knoWn piezoelectric and electro-optic mate 
rial, and therefore incorporation of magnetic property in 
ZnO can lead to variety of neW multifunctional phenomena. 

[0032] Theoretical predictions claim that only p-type Mn 
doped ZnO Will be ferromagnetic above room temperature. 
HoWever, our experiments shoW that n-type ZnO can also be 
ferromagnetic above room temperature, but the ferromag 
netism tends to decrease as the n-type carrier in the material 
increases. In the room temperature ferromagnetic state of 
our samples Mn is found to carry a moment 0.16 uB. 
Ferromagnetic Resonance (FMR) data con?rm the existence 
of ferromagnetic order at temperatures as high as 425 K in 
both pellets and thin ?lms. In the paramagnetic state the EPR 
spectra shoW that Mn is in the 2+ state (Mn2+). Furthermore, 
ferromagnetism above room temperature is also observed in 
the calcined (beloW 500° C.) poWder. Our ab initio calcu 
lations con?rm the above ?ndings. If sintering of the Mn 
doped ZnO material is carried out at higher temperatures the 
doped material shoWs an additional large paramagnetic 
contribution at room temperatures and the ferromagnetic 
component becomes negligible. On sintering the bulk at 
temperatures above 700° C., ferromagnetism around room 
temperatures is completely suppressed giving rise to the 
often reported pronounced ‘ferromagnetic-like’ ordered 
state beloW 40 K. Experiments With sintering temperatures 
of 700° C., 800° C. and 900° C. have con?rmed this fact. 

[0033] Room temperature ferromagnetic ordering has also 
been obtained in 2-3 um thick ?lms deposited on fused 
quartz substrates at temperatures beloW 600° C., by Pulsed 
Laser deposition using the same bulk materials as targets. 
The doping concentration in these ?lm materials should be 
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less than 3-4 at % in order to obtain controlled homogeneity. 
Experiments have shoWn that samples beloW 2 at % can be 
tailored to be homogeneous in composition With slight 
variations but containing no clusters. In laser ablation the 
substrate temperature effects the Mn concentration in the 
?lm. Films deposited at higher temperatures are found to 
have a high concentration of Mn in comparison to ?lms 
deposited at loW temperatures. This means that the tempera 
ture could be used to control the Mn concentration. 

[0034] The precursor ZnO and MnO2 poWders (purity 
99.99%) used in the present study to make Mn doped ZnO 
Were characterized initially for their magnetic properties 
using quantum design, MPMS2-SQUID magnetometer. 
SQUID measurements shoWed diamagnetic behavior for the 
ZnO poWder, While MnO2 Was found to be anti-ferromag 
netic beloW 100 K as expected. Appropriate amounts of ZnO 
and MnO2 poWders Were mixed, calcined at 400° C. for 8 
hours, and sintered in air at different temperatures ranging 
from 500 to 9000 C. for 12 hours to obtain Zn1_XMnXO 
(nominal x=0.0l, 0.02, and 0.1 at % respectively) ceramic 
pellets. 
[0035] The effect of sintering temperature on the magnetic 
properties of nominal 2% Mn doped ZnO has been speci? 
cally studied, and ferromagnetic ordering above room tem 
perature (Tc>420 K) has been found. The room temperature 
ferromagnetic phase as a function of sintering temperatures, 
as indicated by M(H) measurements, are shoWn in FIG. 1. 
Elemental mapping for the pellet sintered at 5000 C. shoWed 
a uniform distribution of Mn in the sample. HoWever local 
Mn concentration Was found to be much loWer (~03 at %) 
than the nominal composition. Taking this fact into consid 
eration, We evaluate the saturation magnetization of the 
ferromagnetic phase and determine the moment per Mn 
atom to be 0.16 uB. Sometimes on sintering the pellets in the 
temperature range 6000 C.-700° C. in addition to the ferro 
magnetic component We observe a linear paramagnetic 
contribution in the magnetic hysteretic loops at high ?elds. 
HoWever, sintering the pellets above 700° C. completely 
suppresses ferromagnetism around room temperature. The 
doped dilute semiconductor can also be processed, by par 
ticle size selection, into transparent and ferromagnetic nano 
particles. 
[0036] Manganese doped Zincoxide can be manufactured 
With a sputtering system Where either tWo metallic (Zinc and 
Manganese) targets are used simultaneously or one sintered 
ZnO:Mn ceramic target as described previously. When using 
tWo metallic targets the sputtering energy on the Zn and 
Manganese targets are adjusted in such a Way that the 
resulting Manganese content is in the 1-5% range. An exact 
recipe has to be adjusted to the sputtering equipment that is 
used and depends on energy, geometry and gases. This 
technique is, hoWever, Well knoWn to the skilled person. The 
substrate temperature on the deposition substrate is in the 
same range as When using laser deposition. 

[0037] X-ray Diffraction as Well as SEM high resolution 
elemental mapping analyses on both the bulk as Well as thin 
?lm Mn doped ZnO materials obtained by us are found to be 
homogeneous With no sign of cluster formation or distribu 
tion in them. 

[0038] Incidentally, in both the bulk and the transparent 
?lms We obtained their ferromagnetic resonance spectra 
Which provide convincing evidence for the existence of 
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ferromagnetism. The demonstrated neW capability renders 
possible the realization of complex elements for spintronic 
devices. These type of ?lms materials are transparent and 
could be used for magneto-optical components. ZnO has a 
large electromechanical coupling coef?cient and is therefore 
also good for piezoelectric applications and combinations 
for optical, magneto and mechanical sensor or component 
solutions. 

[0039] Total energy calculations Were performed using the 
projector augmented-Wave (PAW) method as invoked by the 
VASP program package based on the generalized-gradient 
approximation (GGA). The parameterization for the 
exchange and correlation potential proposed by PerdeW et al 
Was employed. In the present calculations We made use of 
PAW potentials Which valence states 3p, 3d and 4s for Mn, 
3d and 4s for Zn and 2s and 2p for O. The periodic supercell 
approach is employed and the energy cutolf Was 600 eV. The 
optimization of the geometry has been done (ionic coordi 
nates and c/a ratio), using the Hellmann-Feynman forces on 
the atoms and stresses on the supercell for each volume. For 
sampling the irreducible Wedge of the Brillouin zone We 
used k-point grids of 4><4><2 for the geometry optimization 
and 8><8><4 for the ?nal calculation at the equilibrium vol 
ume. 

[0040] Various embodiments of the present invention, 
both regarding the inventive material as such and means for 
producing it in various forms, have been discussed above. 
HoWever, these should merely be regarded as examples and 
not as limitations. The scope of the invention is de?ned by 
the appended claims. 

1. A. method for producing a ferromagnetic semiconduc 
tor material comprising Mn doped ZnO comprising the 
folloWing steps: 

mixing appropriate amounts of ZnO and MnO2 poWders 
forming a mixture in poWder form, and, 

sintering said mixture at a maximum temperature of about 
700° C., Whereby Mn doped ZnO having a Mn con 
centration beloW 5 atomic % and Which is ferromag 
netic at least at one temperature in the range in tem 
perature from 218 Kelvin to 425 Kelvin is obtained. 

2. A method for producing a ferromagnetic semiconductor 
material comprising Mn doped ZnO comprising the folloW 
ing steps: 

providing a bulk material of Mn doped ZnO, and 

creating a thin ?lm on said bulk material by means of 
Pulsed Laser deposition at a maximum temperature of 
600° C. using said bulk material as target, Whereby a 
thin ?lm of Mn doped ZnO having a Mn concentration 
beloW 4 atomic % and Which is ferromagnetic at least 
at one temperature in the range in temperature from 218 
Kelvin to 425 Kelvin is obtained on said bulk material. 

3. A method for producing a ferromagnetic semiconductor 
material comprising Mn doped ZnO comprising the folloW 
ing steps: 

producing said material by sputtering to a deposition 
substrate, simultaneously using tWo metallic targets of 
Zinc and Manganese, respectively; 

controlling the temperature on the deposition substrate to 
a maximum of 650° C.; and 
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adjusting a sputtering energy on the Zinc and Manganese 
targets such that a resulting Manganese content in the 
1-5 atomic % range is achieved, Whereby Mn doped 
ZnO having a Mn concentration below 5 atomic % and 
Which is ferromagnetic at least at one temperature in 
the range in temperature from 218 Kelvin to 425 Kelvin 
is obtained 

4. A method for producing a ferromagnetic semiconductor 
material comprising Mn doped ZnO comprising the steps of: 

producing said material by sputtering to a deposition 
substrate, using a sintered ZnOzMn ceramic target; 

controlling the temperature on the deposition substrate to 
a maximum of 650° C.; and 

adjusting a sputtering energy on the target such that a 
resulting Manganese content in the 1-5 atomic % range 
is achieved, Whereby Mn doped ZnO having a Mn 
concentration beloW 5 atomic % and Which is ferro 
magnetic at least at one temperature in the range in 
temperature from 218 Kelvin to 425. Kelvin is 
obtained. 

5. The method as recited in claim 1 further comprising the 
step of: subjecting said mixture to a calcining process, 
before the step of sintering the mixture. 

6. The method as recited in claim 5, Wherein said calcin 
ing process is carried out at a temperature below 5000 C. 

7. The method as recited in claim 1, further comprising 
the step of: 

processing, by means of particle siZe selection, said Mn 
doped ZnO having a Mn concentration beloW 5 atomic 
% arid Which is ferromagnetic at least at one tempera 
ture in the range in temperature from 218 Kelvin to 425 
Kelvin to form transparent and ferromagnetic nanopar 
ticles. 

8. A ferromagnetic semiconductor material comprising 
Mn-doped ZnO Wherein said Mn-doped ZnO has a Mn 
concentration not exceeding 5 at % atomic %, and is 
ferromagnetic Within at least a part of the temperature range 
from about 218 Kelvin to about 425 Kelvin. 

9. The material as recited in claim 8, further characterised 
in that it Which is transparent. 
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10. The material as recited in claim 8 Which is pieZoelec 
tric 

11. A semiconductor material comprising Mn-doped ZnO 
obtainable by the method according to claim 1 Whereby said 
material comprises Mn-doped ZnO Which has a Mn con 
centration not exceeding 5 at % atomic %, and Which is 
ferromagnetic Within at least a part of the temperature range 
from about 218 Kelvin to about 425 Kelvin, 

12. A substrate having at least one thin layer deposited on 
at least one part of its surface, Wherein said layer comprises 
a material according to claim 8. 

13. A component to be used for electronic applications, 
Wherein said component comprises a material according to 
claim 8. 

14. A component to be used for spintronic applications, 
Wherein said component comprises a material according to 
claim 8. 

15. A. component to be used for optical applications, 
Wherein said component comprises a material according to 
claim 8. 

16. The method as recited in claim 2, further comprising 
the step of: 

processing, by means of particle siZe selection, said Mn 
doped ZnO having a Mn concentration beloW 5 atomic 
% arid Which is ferromagnetic at least at one tempera 
ture in the range in temperature from 218 Kelvin to 425 
Kelvin to form transparent and ferromagnetic nanopar 
ticles. 

17. The material as recited in claim 9 Which is pieZoelec 
tric 

18. A substrate having at least one thin layer deposited on 
at least one part of its surface, Wherein said layer comprises 
a material according to claim 9. 

19. A component to be used for electronic applications, 
Wherein said component comprises a material according to 
claim 9 

20. A component to be used for spintronic applications, 
Wherein said component comprises a material according to 
claim 9. 


